The evolution of the atomic structure of LaAlO 3 grown on SrTiO 3 was investigated using surface x-ray diffraction in conjunction with model-independent, phase-retrieval algorithms between two and five monolayers film thickness. A depolarizing buckling is observed between cation and oxygen positions in response to the electric field of polar LaAlO 3 , which decreases with increasing film thickness. We explain this in terms of competition between elastic strain energy, electrostatic energy, and electronic reconstructions. The findings are qualitatively reproduced by density-functionaltheory calculations. Significant cationic intermixing across the interface extends approximately three monolayers for all film thicknesses. The interfaces of films thinner than four monolayers therefore extend to the surface, which might affect conductivity.
1
The conducting interface between the band insulators LaAlO 3 (LAO) and SrTiO 3 (STO) has attracted considerable interest since its discovery in 2004 [1] . Key open questions include the origin of the conductivity associated with intrinsic doping in fully oxidized samples [2] [3] [4] , and why a minimum thickness of the LAO film of four monolayers (MLs) is required before the interface becomes conducting [2] .
The original explanation for the conductivity was made in terms of the buildup of a 'polar catastrophe' resulting from the fact that LAO is polar, i.e., it consists of alternating positively and negatively charged layers, (LaO) + and (AlO 2 ) − , while STO has charge-neutral layers [1] . Transfer of half an electron across the interface would neutralize the buildup of electrostatic energy and thereby provide conducting electrons associated with trivalent Ti 3+ .
More recently, the effects of intermixing at the interface [5] [6] [7] and buckling of atomic planes parallel to the interface [4] have been proposed as contributory factors.
A common feature of many perovskites is that structural changes as small as 0.1Å or less can induce fundamental changes in their physical properties [8] . A knowledge of the structural subtleties with sufficient accuracy can therefore be invaluable in elucidating the underlying physics. Surface x-ray diffraction (SXRD) can offer this level of structural resolution [9] .
In this Letter, we describe the evolution of the interfacial structure of LAO on STO as a function of LAO film thickness, determined by SXRD in conjunction with phase-retrieval algorithms, and show how competing energetic factors lead to the formation of conductivity at the interface.
Films of 2, 3, 4, and 5-ML thickness were prepared by pulsed laser deposition using standard growth conditions [10] . The samples were subsequently checked by atomic-force microscopy (AFM) for atomic flatness. SXRD measurements were performed at room temperature at the Materials Science beamline, Swiss Light Source, Paul Scherrer Institut, using 16 keV (0.775Å) photons. For each film thickness 15 inequivalent crystal truncation rods (CTRs) were recorded up to a scattering vector of 11.3Å −1 using the PILATUS 100k pixel detector [11] . Additional symmetry-equivalent CTRs were also recorded to obtain the systematic errors of approximately 5 %. The data were analyzed using the DCAF phaseretrieval algorithm [12] to obtain average electron-density maps [13] , which were used as starting models for further structural refinement with the grid-search χ 2 -minimization program fit [14] . In total N + 5 unit cells were taken into account for the refinement, where N is the number of LAO MLs. Each atom was fit for its position and isotropic Debye-Waller factor. as being due to a small lateral gradient of the film thickness across the substrate [15] . Another more intriguing possibility runs as follows. The fact that even films of considerably greater thicknesses exhibit atomically smooth terraces and straight terrace edges would seem to imply that growth is partially dictated by a step-flow mode. This means that the terrace edges can drift laterally. Hence there can be parts of a film of nominally N ML that have thicknesses of N +1 or N −1 ML, even if the surface of the film shows no islands or wells. As x-rays penetrate the entire film thickness, the SXRD data reflect this variation in thickness.
According to the SXRD results, cationic intermixing greater than approximately 5 % extends across three monolayers at the interface for all four measured thicknesses. Smaller degrees of intermixing may extend even further into the substrate and the film, as reported by Qiao et al. [7] , although this is below our experimental sensitivity. The refined structures of the two-and three-ML samples contain some Sr and Ti atoms at the surface. [16] . The average atomic layer positions for the A-and B-sites are shown in Fig. 2(a) . For the A-site, and to a smaller extent also for the B-site, we see an increase in the c-lattice constant of STO as it approaches the nominal interface. This is attributed to substitutional incorporation of La cations, and/or the presence of Ti 3+ atoms [6] .
Recently, buckling of the atomic layers in LAO was predicted by density functional theory (DFT) [4] . Dipole moments are induced in opposition to the electric field of the polar film layers. Little change in the amplitude of the buckling as a function of film thickness was 4 observed. Our experimentally determined structures exhibit a qualitatively similar positive buckling in the films [see Fig. 2(b) ], whereby positive buckling is defined by the cation moving towards the surface relative to the oxygen atom. However, buckling in the A-site layers is more pronounced for the 2-ML film than was predicted by DFT, and also drops off significantly with film thickness. Buckling at the B-site also decreases with film thickness, though less pronouncedly. Interestingly, the near-interface region of the STO exhibits a negative buckling, as predicted in [17] . In contrast to the film buckling, this increases with increasing layer thickness.
To further investigate the behavior of the buckling, we performed DFT calculations for all four thicknesses using the local density approximation [18, 19] . The substrate consisted of a lower 3×(TiO 2 )/2×(SrO) layers fixed at the calculated DFT bulk positions, plus 3×(TiO 2 )/3×(SrO) layers which were allowed to relax. Two models were investigated for which the results are shown in Fig. 2 
(c). The first model assumed an abrupt interface (i.e., one with no intermixing). For both the A-and B-sites, there is a consistent reduction in
the positive buckling with increasing film thickness, in qualitative agreement with our experimental findings, and also negative buckling in the substrate close to the surface, which increases with the layer thickness. The most notable difference is the collapse of the buckling for the A-site found experimentally for the 5-ML film, which however, is still evident in the DFT results.
Since our experimental findings showed that the interface is not sharp, the influence of intermixing on the buckling was also studied. We therefore investigated a second model with DFT in which the bottom unit cell of the film contained 50 % LAO and 50 % STO occupation. This causes a reduction of the buckling magnitude close to the intermixed layer, while above the nominal interface, buckling is marginally greater than that for the abrupt model -both these changes are in better agreement with our experimental findings.
In the simplest picture of the polar model of LAO on STO, one can describe the band scheme of the LAO film in terms of a simple plate capacitor, with a positively charged layer at the LAO/STO interface and a negative layer at the surface. The electric field in between the two "plates" is constant, and the potential therefore increases linearly with film thickness. In the framework of the polar-catastrophe model, electrons from the film surface move across the film to the interface once the film thickness is large enough that the valence band crosses the Fermi level. We have calculated the influence of buckling on this simple description of the band scheme. Figure 3 shows the results for 3 and 4 ML. Buckling is induced as a depolarizing effect to reduce the potential within the film and thereby increases the minimum thickness at which the electronic reconstruction occurs, by lowering the average gradient of the potential within the film. Once the valence band moves above the Fermi level, however, electron injection across the interface occurs, causing the "capacitor" to discharge. The potential collapses and obviates the need for a depolarizing buckling. Using our experimentally determined atomic structures, and assuming formal charges for the cations and oxygen ions, we see that this occurs at 4 ML -the valence band moves across the Fermi level and the positive buckling in the film, particularly for the A-site, collapses and is essentially zero for the 5-ML sample.
We now address the negative buckling of the STO just below the nominal interface [17] .
The electrons injected across the interface are confined to near the interface in the STO by band bending in this region. The gradient in the band bending region results in a potential in the opposite direction to that in the film. This causes negative buckling of the STO layers once the 2-dimensional conducting layer is formed, as also seen experimentally.
Buckling costs elastic energy, as given by
per ML, whereby Y is the Young's modulus, a is the STO lattice constant, and B A and B B are the A-site and B-site out-of-plane buckling amplitudes, respectively. Based on calculations of deviations from a "start model" of the known stoichiometry and a Young's modulus of Y = 306 GPa for LAO [16] , the energy cost per ML and a buckling of 0.2Å is 0.59 eV. On the other hand, the electrostatic energy gain per unit cell is given by
with q A and q B equal to the ionic charges, B the buckling, and the relative permittivity ǫ = 24 [20] . With the simplification q = 3e and B A = B B , the ratio between these two competing energies is
whereby B is inÅ. In other words, buckling much in excess of 0.2Å becomes energetically unfavorable. Both our experimental and DFT results comply well with this energetic constraint.
The DFT results show only modest differences between the abrupt and 1-ML intermixed models with regards to the buckling and partial density of states (not shown). Potentially more significant differences associated with more extensive intermixing would be very difficult to investigate with DFT because of the unrealistic computational effort. Hence we cannot completely exclude intermixing from playing a role in the formation of the conducting layer, although per se it cannot easily explain why n-type interfaces are conducting, but those of p-type are insulating.
On the other hand, conductivity has been observed in LAO layers thinner than 4 ML if they are capped with a sufficient thickness of STO [21, 22] . Our structural analysis demonstrates that for thicknesses of 3 ML and less, the uppermost layer is significantly intermixed.
Only for 4 ML and above is the interface electrically isolated from the surface with one or more complete MLs of LAO containing an intermixed fraction of less than 5 %, the approximate limit to the sensitivity of SXRD. It can therefore be speculated that within the framework of the intermixing model, surface effects could influence the conductivity of LAO layers thinner than 4 ML, which might also explain why capping ultrathin LAO layers with STO preserves the conductivity.
In conclusion, using SXRD, phase-retrieval methods and subsequent fitting, we have 
